PARAQUAT | NDUCED CHANGES | N RESERVE CARBOHYDRATES, FATTY ACI DS
AND OLECRESI N CONTENT OF YOUNG SLASH PI NES
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Abstract. --Paraquat was fed into the termnal |eaders of
five-year-old slash pine trees and collected at weekly intervals
for 4 weeks. Cytological observationsshowed a decrease in starch
|l evel s and a corresponding increase in content of ol eoresin.
Quantitative analysis indicated a decrease in starch acconpanying
increases in fatty acids, nonoterpenes, and resin acids.

Addi tional keywords: Resin soaking, terpene biosynthesis, starch
content, nonoterpenes, resin acids.

| NTRODUCTI ON

The induction of a 15 to 20 fold increase in oleoresin content of resin
soaked xylemin paraquat treated pine stenms raises many intriguing questions
of a physiological nature. Qur know edge of stem anatony and physiol ogy of
ol eoresin formation in pines appears to exclude the possibility that resin
soaking results fromlong range transport of oleoresin via vertical resin
ducts to resin soaked areas. First, the length of vertical resin ducts is
relatively short averaging |ess than six inches long with occasional ducts
extending up to three feet in slash pine (Pinus elliottii Englem) (un-
published, Brown and Helseth, 1966). Secondly, there appears to be no signi-
ficant reduction of oleoresii: content in xylemwell above or below resin
soaked areas, although there is a decreasing gradient of ol eoresin away from
these areas until normal |evels are again reached along the stem In addition,
cytol ogi cal observations on paraquat treated xylem indicates that menbrane
permeability of the secretory cells lining the resin ducts and associ ated
vertical parenchyma cells is drastically altered. This allows outward |eak-
age of oleoresin fromthese cells into adjacent tracheids by the path of [east
resistance, i.e., through the bordered pits. In untreated stems ol eoresin
secretion by the epithelial cells occurs preferentially into the duct, there-
by maintaining pressures as high as 12 to 15 atmospheres within the normal un-
disturbed duct system Hence, |eaky ducts brought about by the effect of
paraquat on menbrane integrity and selectivity of parenchyma cells surrounding
the ducts are not conducive to |ong range vertical novement or transport of
ol eoresin.

Cytol ogi cal observations in the present study indicate that all [iving
parenchyma cells within the xylem especially the ray cells, in one-year-old
shoots are induced by paraquat (in proper concentrations) to synthesize
rather copious anounts of oleoresin. Certainly, under theinfluenceof para-
quat nornmal cellular metabolismis altered resulting in ol eoresin biogenesis
by individual cells.

1/ Professor, Research Assistant, and Research Associate, respectively.
School of Forest Resources, University of Ceorgia, Athens. 30602



From t hese general observations it is logical to deduce that the process
of resin soaking in the xylemof paraquat treated trees occurs essentially in
situ from (1) nobilized stored foods (carbohydrates, |ipids, and protein)
into transl ocatabl e and useable forns such as sugars, fatty acids, anino acids,
and (2) fromtransport of current photosynthate (nostly sugars) fromthe
crown by the phloemto | ocal netabolic sinks in the xyl em parenchyma via ray
cells. The question of how much carbon cones fromeither source becones of
primary inportance in understanding the physiology and bi ochem stry of paraquat
i nduced ol eoresin biogenesis, and seasonal aspects of the entire process wll
have to be thoroughly researched to provide a clear insight into the overall
probl em

The present study had two primary objectives (1) to observe the cyto-
| ogi cal effects of a known concentration and quantity of paraquat on starch
reserves and occurrence of oleoresin in treated stenms and (2) to relate
these observations to quantitative determnati ons of free carbohydrates,
starch, fatty acids, nonoterpenes, and resin acids within the same shoots.

MATERI ALS AND METHCDS

Twenty-four, five-year-old slash pine trees growing in a plantation at
8 x 10' spacing were selected for treatment during late July. Trees of
conpar abl e size and vigor, possessing healthy term nal |eaders approxinmately
24 inches in length subtended by several strong |ateral branches were randomy
assigned to paraquat and control treatments.

Treated trees were fed 10 M of 0.02 per cent (200 ppn) paraquat sol ution
through a severed lateral branch at the base of the term nal |eader through
latex tubing fitted to a graduated 10 nmi pipette. The pipette was attached
tenporarily to the termnal |eader vertically above the severed branch to
permt gravity flow of solution for uptake into the transpirati on stream
The lateral branches were severed early in the nmorning to allow exudati on of
oleoresin, and recut at the tine of fitting the |atex tubes to prevent plug-
ging of the cut xylemsurface with exuded resin. After all trees were pre-
pared, the pipettes attached to 12 trees were filled with 10 ms of paraquat,
the remai ning served as controls. Normally all of the solution would be
taken up into the transpiration streamof the |leader within 6-8 hrs. Fol | ow
ing treatment, the terninal |eaders of 3 treated and control trees were har-
vested at 7, 14, 21, and 28 days for cytol ogi cal observations and for quanti-
fication of extractives.

The termnal |eaders collected at weekly intervals were cut into three
equal lengths and the upper 2-3 cmportion of each collected for cytol ogical
observati ons. The basal 10-15 cm portion of each shoot was quick frozen,
and stored at -20° C. Al of the extractions were nmade at the end of the
fourth collection period.

Cyt ol ogi cal Procedures

Fresh, free-hand, transverse and nedi an |ongitudinal sections were
made from each collected stemsegnent. The sections were stained with I,KI
for starch, and with 7% aqueous.cupric acetate for oleoresin. The latter
stain is not specific for oleoresin, it also stains various fats and |i pids;



however, the copious increase in oleoresin resulting in visible resin soaking
of paraquat treated stens nade it reasonably' safe to assume that most of the
stained naterial in the lumen and cell walls of tracheids and in the parenchyma
cel I s undergoi ng senescence was ol eoresin and not storage fats or |ipids. The
latter were nost frequently observed in fresh sections fromcontrol trees as
smal | gl obules in the cytoplasm of parenchyma cells stained with cupric acetate.
The thin sections (ca. 25-30 microns) were stained in small vials wth I9KI

for 3-5 mnutes, and with cupric acetate for 30 mnutes, nmounted in glycerol,
and exam ned mi croscopically.

Al sections were exam ned under the |ight mcroscope and visibly scored
for content of starch and oleoresin in various tissues, nanely; cortica
parenchyma, vertical xylem and phl oem parenchynma, xylem and phl oem rays, and
pith. Xyl em tracheids were al so scored for ol eoresin content within the |umen
of cells viewed in nedian |ongitudinal sections.

Extraction and Analysis of Resin & Fatty Acids:

A frozen five centineter section of stemwas defrosted, debarked, the
wood reduced to nm square cubes and continuously extracted w th anhydrous
ether in a soxhlet extractor for eight hours. The extract was reduced,
eluted, dried and nethylated with .5N nethanolic HCl. The nethylated sol ution
was exhaustively partitioned agai nst n-hexane and the resulting hexane resi-
due quantitatively eluted with benzene. After separating the benzene sol ution
into equal parts and drying them one part, which was further nethylated with
"Methyl 8" (Pierce Chemcal Co.), was used for resin acid analysis and the
other for fatty acid anal ysis.

Quantitative analysis for both fatty acids and resin acids was acconp-
l'ished by gas chromatographic techniques. Fatty acids were anal yzed using a
SP-222-PS col um (Supelco, Inc.) with nmethyl heptadecanoic as the interna
standard. Resin acids were anal yzed by ASTM net hod D 3008- 72 usi ng net hyl
benhenic acid as the internal standard. Results were expressed as mg/gm oven-
dry weight

Extraction and Analysis of Free Carbohydrate and Starch:

Aiter weighing, the ether extracted wood was ground to pass through a
40 nmesh screen, redried and 100 ng sanpl e renoved. Four 5 m vol unes of hot
70% et hanol were used to extract the free carbohydrates. Subsequently, the
starch was extracted with 50% perchloric acid using techniques deacribed by
Hassid and Neufeld (1965). The starch precipitates were hydrol yzed (Pucher,
Leavenworth and Vickery, 1948) and brought to a known volune.

The anmount of free carbohydrate and starch present was determ ned by
neasuri ng absorbance at 620 mm fol | owi ng an anthrone reacti on. The results
were expressed as mg/gm oven-dry wei ght.

Extraction and Anal ysis of Monot erpenes:

A frozen 5 cmsection of stemwas debarked, reduced to mm square cubes
and extracted with a 4 m volurme of anhydrous ether wi th vigorous shaking
for 30 mnutes in a closed container. This process was repeated anadditiona
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4times and all ether volumes conbi ned. Since a 5th repetition failed to re-
nmove a significant anmount of nonoterpene fromthe wood, 5 repetitions were con-
sidered to result in conplete extraction. The conbi ned extracts were brought
to 25 m by the addition of ether

The ether extracts were anal yzed by flane ionization on a Perkin-E ner
3920 gas chromatograph coupled to a Hew ett-Packard 3380A recording integrator
Monot er penes were separated on a Carbowax 20M colum and identified by co-
chromat ogr aphy. Quantification was by external standard for each nonoterpene.
Results were expressed as mg/gm oven dry, extractive-free weight.

DI SCUSSI ON OF RESULTS

Cyt ol ogi cal Cbservati ons

In paraquat treated stens there is a distinct vertical gradient in dis-
appearance of starch fromthe xylemray cells (and to a slightly |esser de-
gree fromthe vertical xylem parenchyma) corresponding to the concentration
gradient of paraquat along the stem The concentration of paraquat in the
xylemis highest at the basal portion of the stemwhere it entered the trans-
piration streamand it di mni shes upward because of paraquat's strong ionic
affinity for cellulose cell walls (Brown and Nix, 1976). As the concentration
of paraquat increases with tinme up the stemthrough continued rel ease of bound
mol ecul es into the transpiration stream the quantity of starch continues to
decrease acropetal ly. It appears, therefore, that paraquat nol ecul es enter-
ing the xylemray cells and vertical xylem parenchyna has a rapid, al nost
i mredi ate effect on the enzymati c conversion of starch into sugars and sub-
sequently into other soluble metabolites for use in increased ol eoresin syn-
thesi s. Concomtant with the observed decrease in starch there is a visible
increase in oleoresin content, first at the base of the stemand then slowy
extending upward as the concentration of paraquat increases acropetally
(Tables 1 and 2).

Simlar patterns of starch di sappearance acconpani ed by increased syn-
thesis of oleoresin were also observed in the parenchyma cells of all |iving
tissues in which paraquat entered in sub-lethal concentrations. For exanple,
in all of the paraquat treated stems the cortical cells, vertical phloem and
ray parenchyma, and even pith cells showed simlar patterns of starch dis-
appear ance acconpani ed by increased ol eoresin formation for short distances
above the site of paraquat entry. The increased ol eoresin gradient in the
phl oem di d not extend very far upward because the nain pathway of paraquat
movenent is via the transpiration stream Hence, at the concentration and
quantity of paraquat used (0.02% - 10 nmi) little of it noved radially across
the canbiuminto the secondary phl oemand cortex. This was substantiated in
other trials where the concentration of applied paraquat was increased to
0.1, 0.5, and 1.0% These increased concentrati ons were sufficient enough
to obtain sonme novenent of paraquat radially across the canbiuminto the
adj acent phloem and cortex causing a distinct increased gradient in necrosis
of these outer tissues corresponding to increases in paraquat concentration

At the 1.0%concentration (10 mi) all living cells throughout the term na
| eader were killed outright within 10-14 days. Even the paraquat concentra-
tion used in this study (0.02% killed all living cells at and i nmedi atel y

adjacent to the site of entry. These cells underwent rapid plasnolysis and
death and contai ned distorted starch grains and other cellular conponents.
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Table 1.--Cytological observations of starch content in different tissues
of paraguat treated and untreated termnal |eaders of slash pine
during August, 1975.&7

Tr eat nent Days Ti ssued&'

Xyl em Phl oem Cortex Pith

vertical. /

rays parenchymas’ rays parenchym

Par aquat 1 1 1 2 3 3 4
Cont r ol 1 2 2 . 2 3 3 4
Par aquat 14 <1 <1 <2 <2 2 <3
Cont rol 14 <3 2 <3 3 3 <5
Par aquat 21 <1 <1 2 2 <2 <2
Control 21 <3 2 <3 <3 <3 <4
Par aquat 28 0 0 <2 2 <2 1
Control 28 3 2 3 3 3 4
a/

=" Mean of three ternminal |eaders sanpled at 12-15 cm above site of paraquat
entry into shoot.

b/ Nurmbers indicate average content of starch stained with I_KI in individual

cells of each tissue as follows: Onil; 1-sparce; 2-1i gh?‘; 3-noder at e;

4-heavy; 5-excessive.

e/ I ncludes parenchyma adjacent to epithelial cells surrounding ducts.
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Table 2.--Cytological observations of oleoresin content in different tissues

of paraquat treated and untreated termnal leaders of slash pine
during August, 1975.&

Treatment  Days Ti ssue&

Xyl em Phloem Cortex Pith

rays tracheids rays

Paroquat 7 <2 0 1 1 1
Contr ol 7 1 0 1 1 1
Par aquat 14 <3 1 <2 1 1
Control 14 1 0 1 1 1
Paraquat 21 3 <2 2 2 3
Cont rol 21 1 0 1 1 1
Paraquat 28 4 <4 <3 3 4
Cont rol 28 1 0 1 1 1

a/ Mean of three termnal |eaders sanpled at 12-15 cm above site of paraquat
entry into shoot.

b/ Nunbers represent average content of oleoresin in tissues stained with
cupric acetate; Oabsent; |-frequent small droplets; 2-larger, nore
diffuse droplets; 3-over half of individual cells filled with ol eoresin
4-cell  Tumens commonly filled.
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From t hese observations it becones increasingly clearer that the concen-
tration of paraquat entering individual parénchyma cells, especially those of
the xylemray and vertical parenchyma, has a profound effect on the sequence
of events leading to enhanced synthesis of oleoresin within these cells. If
the concentration is optimal, stored food reserves appear to be nobilized into
soluble fornms followed by a gradual lysis of the cytoplasmwth its enclosed
cellular organelles including the nucleus and other residual Conponents of the
protoplast. The carbon fromthese various sources ultimately is shunted into
the terpenoid pathway before death of the cell (Brown and O ason, 1975).  Dur-
ing the process of cellular lysis one can observe increases in oleoresin
accumul ation in individual ray cells followed by its movenent through pits
into the adjacent tracheids until ultimately all elements of the xylemin
| ocal i zed treated areas become resin soaked. The biochem cal pathway by which
these various sources of cellular carbon are converted into ol eoresin formatio
constitutes a large gap in our present know edge of paraquat induced resin
saaking in the xylemand other tissues.

Quantitative Chservations

This prelimnary study using three trees at each of the four weekly
sanmpling times resulted in considerable quantitative variation anong indivi-
dual trees as indicated in the data presented in Table 3 and Figures 1, 2,
and 3. Likewise, the variation could undoubtedly be substantially reduced by
using nore jUdICIOUS sampling procedures prior to extraction of individua
xylem sanples. For exanple, in each treated stemthe paraquat solution sup-
plied through the severed lateral branch moved axially up the xylem for
several centimeters before it began to spread out laterally into adjacent
xylem cells. Had the xylemat the basal portion of the stem been separated
in half prior to extraction, extracting only the portion on the paraquat treat
ed side, the anount of variation likely could have been reduced. As it was,
the entire xylemof the |ower portion of the stemwas extracted and quantifiec
for free carbohydrates, starch, fatty acids, nonoterpenes and resin acids.

These results, although quite variable, substantiate the cytologica
observations made on adjacent portions of the stemw th respect to decreases
in starch and increases in oleoresin content of the xylem (cf Tables 1, 2,
and 3 and Figs. 2 and 3).

It is of interest that no significant differences occurred in free
carbohydrates between treated and control trees. This could indicate that
as rapidly as soluble sugars are released through hydrolysis of starch they
are shunted into an alternate pathway in treated stens contributing to in-
creased ol eoresin formation.

The rather rapid increase of fatty acids with time (Fig. 1) suggests
that storage forms of |ipids are hydrolyzed which may also be diverted into
the terpenoid pathway, Subsequent observations (unpublished, Cason) indi-
cate that the initial increase in the pool of fatty acids observed in short-
term experiments rapidly decrease during subsequent formation of oleoresin
In paraquat treated stens.

Finally, the rather rapid increase in nonoterpenes and resin acids wth
time (Figs. 3 and 4) although highly variable among individual trees, conform
to the pattern of paraquat induced ol eoresin formation in pines.
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Figure 1. Free fatty acids from xylem of paraquat treated and untreated
termnal |eaders of slash pine during August, 1975.
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| eaders of slash pine during August, 1975.
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Figure 3. Resin acids from xyl em of paraquat treated and untreated terninal
| eaders of slash pine during August, 1975.
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Table 3. --Free carbohydrates and starch from xyi em of
termnal shoots of five-year-old slash pine.=

Days after mg/gm O.D.E.F. Wt.k/
Tr eat ment Tr eat ment Car bohydr at es Starch
Par aquat 7 4.09 + .45 1.56 + .19
Control 7 3.58 + .41 3.61 + .17
Par aquat 14 4.33 + .31 329 + 0 37
Cont r ol 14 2.66 + ,31 2.76 + .78
Paraquat 21 5.36 + .91 2.50 + .80
Control 21 5.62 + .43 4,20 + .78
Paraquat 28 5.74 + 1.35 2.40 + 0
Control 28 5. 77 + .52 3.50 + .25
-i/FronmJuIy-August treatment period
b GDEF w. = oven dry extractive free weight. Values given are means
for 3 trees.
CONCLUSI ONS

Al t hough these observations confirmand partially explain the in situ
process of oleoresin soaking in localized portions of paraquat treated slash
pine stems, they do not provide quantitative data enabling one to ascertain
what portion or ratio of the total carbon conprising paraquat induced oleo-

resin in the xylemcomes fromstored food reserves within the stemor what
portion is directly supplied by current photosynthate. In attenpting to
solve this problemone nmust necessarily be concerned with the effects of
paraquat on inducing nobilization of stored foods not only in localized cells
directly influenced by the presence of paraquat as in the present study, but
also in long-range nobilization of foods above and bel ow the sites of para-
quat application in tall, forest-grown trees. Additional studies relating
to these aspects are currently in progress.
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